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PREFACE 
ORNL/TM-2004/221/R1 supersedes the initially issued report ORNL/TM-2004/221. The revised 
report is being published to correct inaccuracies in the original text, not to add data or present additional 
conclusions. Changes have been made to Sects. 5.3.4.1 and 5.3.4.2 to correct the misidentification of 
specimen #1 and to move the related text and figures to the latter section. 
 
 
1 
ABSTRACT  
A material configuration of central importance in microelectronics, optoelectronics, and thermal 
barrier coating technology is a thin or thick film of one material deposited onto a substrate of a different 
material. Fabrication of such a structure inevitably gives rise to stress in the film due to lattice mismatch, 
differing coefficients of thermal expansion, chemical reactions, or other physical effects. Therefore, in 
general, the weakest link in this composite system often resides at the interface between the film and 
substrate. In order to make multi-layered electronic devices and structural composites with long-term 
reliability, the fracture behavior of the material interfaces must be known. Unfortunately, none of the 
state-of-the-art testing methods for evaluating interface fracture toughness is fully conformed to fracture 
mechanics theory, as is evident from the severe scatter in the existing data and the procedure dependence 
in film/coating evaluation methods. This project is intended to address the problems associated with this 
deficiency and offers an innovative testing procedure for the determination of interface fracture toughness 
applicable to coating materials in general. This new approach and the associated bi-material fracture 
mechanics development proposed for evaluating interface fracture toughness are described herein. The 
effort includes development of specimen configuration and related instrumentation set-up, testing 
procedures, postmortem examination, and analytical evaluation. A spiral notch torsion fracture toughness 
test system was utilized. The objective of the testing procedure described is to enable the development of 
new coating materials by providing a reliable method for use in assessing their performance. This 
innovative technology for measuring interface toughness was demonstrated for oxide scales formed on 
high-temperature alloys of MA956. The estimated energy release rate (in terms of J-integral) at the 
interface of the alumina scale and MA956 substrate is 3.7 N-m/m², and the estimated equivalent Mode I 
fracture toughness is 1.1 MPa m . This innovative technique is expected to greatly assist the development 
of coating materials with improved protective capabilities and provide a reliable method for use in 
assessing material performance.  
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1. INTRODUCTION  
During the last decades, the technology of electronics has advanced very rapidly, introducing 
manufacturing and packaging techniques that have led to extremely small components.  Microelectro-
mechanical systems[1,2] evolved from the technology of silicon micro-fabrication and introduced the 
concept of micro-sized mechanical “moving” components, with the attendant mechanics of materials 
problems. Multi-layered and composite systems, which often contain metal/ceramic interfaces, are widely 
used in industry, both in microelectronic packaging and as structural materials. Examples are thin film 
materials with particular electrical, magnetic, and optical properties that are used extensively in the micro-
fabrication of integrated circuits, sensors, and actuators.[1,2] In a completely different field, increasing the 
power and/or efficiency of propulsion systems requires them to operate at higher temperatures, and the 
point was reached several years ago where the materials considerations required to provide strength at 
high temperatures are incompatible with those required to provide environmental protection.  As a result, 
such systems must rely on coatings or composite structures, in which the mechanical and chemical 
integrity of interfaces are critical to their successful application.[3,4] Because of the need to maintain 
interfacial integrity at high temperatures under conditions of high heat flux, and the consequent effects on 
thermochemical stability and interdiffusion, it is difficult to obtain the combination of required properties 
from a single material; therefore coatings are used extensively.[5–9] These coatings comprise a thermally-
insulating layer of ceramic together with a metallic layer intended to develop a specific, protective oxide 
film beneath the ceramic as well as to provide the means of securing the ceramic to the metallic substrate. 
[10–11]  
Also relevant is the mechanical behavior of these different types of films, which can range in 
thickness from nanometers to microns. Residual stresses and material discontinuities arise naturally from 
the deposition or growth processes used to produce these films, and further stresses may be imposed from 
thermal cycling in service and mismatch in coefficients of thermal expansion (CTEs) [which can be 
severe in the case of  thermal barrier coatings (TBCs)]. These undesirable stresses and other physical 
effects due to service can lead to fracture, delamination, and other modes of damage initiated at the 
interface(s).[12–19]  Thus, the need to understand the processes that govern the mechanical properties of the 
interfaces between these dissimilar materials becomes important, since the mechanical properties of these 
interfaces ultimately control the reliability of the device and the performance of the composite structural 
material.  
1.1. THE MECHANICS OF THIN FILM MATERIALS  
For the case of thin film materials and other small structures intended for electronic applications, 
interest is focused on the role of mechanical stress in defect nucleation and growth. Stress typically arises 
in such materials as a result of the constraint of epitaxy, a mismatch in coefficients of thermal expansion, 
or intrinsically as a result of growth processes. The simplest and most common configuration of this kind 
involving epitaxial structures is a thin layer grown onto a substrate under circumstances where the lattice 
parameter of the layer material differs from that of the substrate by a small amount. The strain in the layer 
induced by epitaxy may be a byproduct of material selection on some non-mechanical grounds, or it may 
be exploited to tailor the electronic properties of the film material. In either case, the stress associated 
with this strain provides a driving force for nucleation and growth of crystal defects, mainly dislocations 
and stacking faults.  
In the electronics industry, the reduction of component size has been intensely pursued, and the 
thickness of large-scale integrated circuit (LSI) devices is reaching less than 1µm. Since the sub-micron 
components consist of the multi-layered films made of ceramics, intermetallic compounds, and metals, 
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delamination at the interface becomes one of the major failure modes in the processing and in the service 
of LSI devices. Therefore, it is important in terms of reliability to evaluate the interface toughness 
between the thin films, especially the delamination crack that usually initiates at the edges of thin films 
because of the stress concentration originating from the mismatch of deformation, namely the free edge 
effect. [20,21] 
For TBCs, the predominant failure mode appears to involve a cyclic displacement instability 
occurring in the interfacial thermally-grown oxide (TGO).[11, 22-27] The instability occurs because the TGO 
is a thin layer subject to large levels of residual compression. The compression is caused by a 
combination of growth strain (converting the aluminum in the alloy to Al2O3) and a low CTE that results 
in a misfit with the metallic substrate upon cooling. The compressive stress reaches several GPa at 
ambient temperature.[28,29] One of the mechanisms available to relieve the compressive stress is out-of-
plane displacement of the thin oxide layer, but this can locally disrupt the outer ceramic thermal barrier 
layer and lead to failure of the TBC system.  There is a complex interplay of phase change and 
morphological developments in the growing oxide film and modification of the properties of the oxide-
substrate interface resulting from segregation of specific elements from the metallic substrate or the 
nucleation of voids. All of these result in time-dependent changes in the properties of the interface. On-
going research is developing an improved mechanistic understanding of how such changes occur; the 
ability to link this understanding with the effects on the mechanical integrity of the interface could 
provide routes for increased stability and hence longer service life.  
1.2. THEORETICAL AND EXPERIMENTAL DEVELOPMENT OF INTERFACIAL 
MECHANICS  
Bi-material systems with property mismatch are encountered in advanced material and nano-
technology development. A theoretical framework for analyzing the mechanics of fracture of dissimilar 
material interfaces was developed by Williams, and subsequently expanded by many others, including 
Rice and Sih, Erdogan, Bogy, and Huntchson and Suo.[30-36] A resurgence of interest in quantifying 
fracture behavior of bi-material systems, in terms of fracture toughness and fracture mode mixity, is 
evident from the works reported in many recent papers. Yet both the fundamental mechanics and 
experimental techniques capable of systematically characterizing such fracture, are incompletely 
developed because of a lack of appropriate testing procedures that can properly characterize the interfacial 
mechanical properties.   
 Experimental techniques typically used in bi-material interface research are double-cantilever beam 
tests, four-point bending tests, indentation techniques, and laser spallation.[37-42] The first two approaches 
can provide information regarding toughness evaluation, but the large uncertainty involved casts doubt 
regarding the validity of the test results. For example, in double-cantilever beam tests and four point 
bending tests, the interfacial crack generally does not propagate along the interface but often will kink out 
of the interface. In the indentation technique, the test result is dependent on the indentation load, 
penetration depth, and specimen size and geometry. Moreover, the penetration depth during the 
indentation test is difficult if not impossible to control because of the sudden release of the compressive 
residual stress when the indenter penetrates through the thin film or coating. Furthermore, the indention 
technique requires very large plastic deformation to induce crack initiation, which is likely to provide a 
non-conservative estimate of interface toughness. The laser spallation technique has been used for 
estimating interface strength subject to high strain-rate.[42] However, because of the nature of laser-
induced kinetic energy stored in the lattice structure, the consequence of instantaneous spallation, and 
complicated stress wave interaction at edges/boundaries, this technique also fails to provide quantitative 
interface toughness.  
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The spiral notch torsion test (SNTT) methodology, a 2002 R&D 100 Award winner, was developed 
by some of the authors of this report.[43-49] The applicability of SNTT has been verified for homogeneous 
materials and for relatively large test samples (compared with the micrometer-level thickness of thin 
films). Consequently, the applicability of this concept to thin film test samples of bi-materials needs to be 
validated.  In this feasibility study, SNTT technology was modified for use in measuring the interfacial 
toughness of thin, protective oxide scales formed on a high-temperature alloy, Inconel® MA956 
(nominally: Fe-20 Cr-4.5 Al-0.5 Y2 O3) after thermal treatment. In the feasibility study, significant 
technical challenges were encountered both in developing the experimental procedures in the testing 
apparatus for the proposed configurations and in analytical fracture toughness evaluation.   
2. SNTT APPROACH FOR TOUGHNESS EVALUATION  
The SNTT methodology operates by applying pure torsion to cylindrical specimens machined with a 
notch line that spirals around the specimen at a 45° pitch angle. The pure torsion loading creates a 
uniform, equi-biaxial tension/compression stress field on each concentric cylinder, and the grooved line 
effectively becomes a Mode I (tensile) crack mouth opening, as illustrated in Fig. 1. It is not difficult to 
visualize this rod specimen as a variant of a compact-tension specimen having a width equivalent to the 
total length of the spiral notch. Compact-tension specimen testing has an inherent problem, which is lack 
of a means to uniformly distribute the applied load throughout the entire specimen thickness.  This is 
because the stresses at and near the two free surfaces are anomalous, resulting in shear lip formation that 
often is discernible in fractured specimens. In contrast, the torque load acting on every cross-section along 
the rod specimen is the same and directly measurable, so that a plane-strain condition is achieved on 
every plane normal to the spiral groove. 
 
 
Fig. 1.  Schematic diagram of SNTT configuration. 
Specimen miniaturization is an important option of the SNTT methodology and serves the need of 
advanced materials development with limited material availability. Another feature of this technique is 
that the KIC values determined are virtually independent of specimen size. In typical fracture toughness 
tests, the direction of crack propagation is unpredictable and often deflects in zigzags or a thumbnail 
pattern, resulting in large data scatter. When a rod sample is twisted, the spiral notch provides a consistent 
location for cracking to start; and the pure torsion load ensures that the crack will advance 
perpendicularly toward the central axis of the test specimen. This consistent cracking behavior has been 
verified from postmortem examination of fracture surfaces. Therefore, the SNTT methodology is 
expected to significantly reduce uncertainty in fracture toughness evaluation. Furthermore, the ability of 
Torque
45° spiral 
groove 
Pure shear 
stress 
Principal tensile stress  
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SNTT to confine the plastic deformation within a thin plane provides the opportunity to investigate the 
interfacial material properties. In addition, SNTT provides an expedient means to investigate mixed-mode 
failure mechanisms by simply varying the pitch of the starter notch. The benefits of applying SNTT to 
thin film research can be summarized as follows:  
• The size effect in fracture toughness evaluation using SNTT is minimized. A long and 
uniform crack front will yield an accurate fracture toughness value, which is more likely near 
the statistical mean; thus, fewer test samples are needed to generate valid KIC.   
• For valid fracture toughness (KIC) testing, conventional ASTM standards not only require 
fairly large specimens, but also require a fatigue precrack procedure to develop a sharp crack 
front.  This is a very difficult task for interfacial fracture testing, and the fatigue precrack 
itself results in a very large uncertainty in KIC evaluation.  For the SNTT approach, no fatigue 
precrack is needed for brittle materials such as ceramics or oxide layers; and, for the ductile 
interface, the fatigue crack growth is not expected to change course along the interface.  
Thus, the SNTT approach has several advantages for evaluating the intrinsic toughness at 
interfaces. This phenomenon will be further examined in this research.  
• Mode mixity plays an important role in interface failure mechanisms. Recent publications 
indicate that a combination of Mode I and Mode III is more detrimental than Mode I alone for 
many materials of interest. [50,51] For example, as a result of residual stresses, thin, thermally-
grown thermal protective oxide layers seek mechanisms to relieve compressive residual 
stress, which typically occurs by means of out-of-plane displacement. Thus, the combined 
effect of out-of-plane Mode III (tearing shear mode) and Mode I needs to be assessed. The 
SNTT method provides an excellent tool for investigating combined Mode I and Mode III 
failure mechanisms.  
3. RATIONALE OF THE PROPOSED RESEARCH   
An example of an interface for which the information generated by the proposed technique would be 
extremely valuable is that between the metallic bond coating component of a TBC and the alumina scale 
that is deliberately grown on that bond coating to provide environmental protection and to anchor the 
outer ceramic thermal barrier layer.  Recall that the use of TBCs has been pioneered on the airfoil surfaces 
of advanced gas turbine engines; they are needed there (in conjunction with internal cooling of the 
airfoils) to increase power and/or efficiency of operation, which is achieved by operating at combustion 
gas temperatures above the melting point of the alloys used for the airfoils.  The failure mode of TBCs 
typically involves crack propagation near or along the interfaces between the ceramic and TGO or 
between the TGO and the bond coating.  When the characteristics of the ceramic layer are optimized, the 
weakest link in the TBC system will be at the TGO-bond coating interface. Our research was focused on 
the fracture behavior and toughness of such an interface, which is illustrated in Fig. 2.  
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Significant efforts have recently been made to model the mode of failure of TBCs in order to provide 
some life prediction capability, since unexpected failure of a TBC in service could have catastrophic 
results.  Much of this effort has been focused on trying to understand the criteria for initiation of cracking, 
especially of cracking that leads to separation of the TGO scale from the bond coating. In addition to 
understanding the factors that govern the development of stress along the TGO-bond coating interface, 
especially from growth of the oxide and from CTE mismatch during thermal cycling, techniques have 
been developed to try measuring some of these parameters in situ. In particular, photo-stimulated 
luminescence spectroscopy has been used to measure the stress level and crystal phase of the alumina 
scale itself, and attempts are being made to derive correlations with the tendency for scale spallation 
(hence loss of the TBC), so that such techniques may be used for monitoring conditions in service.  
The unequivocal measurement of the fracture parameters for the interface in question would provide 
the datum point against which all such in situ measurement techniques could be calibrated.  Further, the 
ability to measure the fracture toughness of the interface would provide a quantitative measure of the 
effectiveness of TBC developments intended to increase service life and would lead not only to longer 
life but also to assured performance and lower costs.  
4. PROPOSED EXPERIMENTAL APPROACH FOR THIN FILM 
INTERFACE FRACTURE TOUGHNESS TESTING 
 The focus of this thin film interface research was the interface of a thin, protective oxide scale 
(alumina) formed on a high-temperature alloy, MA956®, and its substrate.  The development of the 
testing procedure for thin films required a major upgrade of the SNTT specimen preparation and the 
SNTT methodology, both in experimental procedures and in analytical evaluation. In this study, several 
configurations of proposed SNTT specimens were investigated. Two types of notch configurations, a V-
shape and a square U-shape with different aspect ratios, were used. An acoustic emission device was 
utilized to detect the crack initiation.  
4.1. THE PROPOSED THIN FILM SNTT CONFIGURATION  
The conceptual design used for testing the thin film is illustrated in Fig. 3. A circular rod of alloy 
MA956, machined with a shallow spiral groove, was used as the baseline. This alloy was chosen for its 
ability to reliably form a uniformly thick, adherent surface film of α-alumina, which is very similar to that 
Fig. 2.  Schematic diagram of interface between bond coating and thermally grown oxide. 
Ceramic Insulator
(YSZ) 
Bond Coating 
Substrate Alloy 
Stresses from temperature gradient 
Stresses from CTE mismatch
Oxide growth stresses 
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Bond Coating 
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formed on bond coating alloys used with TBCs. Thus, the complication of using coatings was avoided. A 
10–15-mm-thick alumina scale was formed after oxidation in air at 1100°C for 100 hours. This specimen 
design utilized a 45°-pitch angle of the spiral groove under pure torsion to generate opening mode stress 
along the interface between the oxide and the alloy. The optional fatigue precrack procedure applied to 
the baseline MA956 sample was also investigated. A parameter study of notch geometry, such as V- or U-
shape notches and the depth of the notch, was conducted to determine the most suitable configuration for 
thin film testing.   
 
 
Fig. 3.  SNTT thin film sample. 
4.2. FRACTURE MECHANISM OF SNTT THIN FILM SPECIMEN 
The details of notch root geometry and the indicated failure initiation sites of an oxide MA956 SNTT 
sample are illustrated in Fig. 4. The shaded area of alumina scale indicates the region of thin film that is 
capable of transmitting the resultant force of the principal stress induced by pure torsion loading.  The 
orientation of the crack propagation for the proposed SNTT configuration is material-dependent. With 
(1) thin film alumina scale of high hardness compared with that of the substrate and the compressive 
residual stress of the thin film (acting normal to the principal stress), and (2) potential notch root blunting 
or substrate yielding because of high tensile stress fields near the corner of the notch root, a crack is more 
likely to initiate from the corner of the notch root and to propagate upward (in the orientation of Fig. 4) 
along the interface. After the threshold for crack growth along the interface (vertical in Fig. 4) has been 
exceeded, the compressive residual stress in the alumina will cause the unsupported portion of alumina 
scale to buckle (as a result of the lack of lateral support from the substrate).  
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Fig. 4.  Schematic diagram of notch root geometry and 
the associated crack initiation sites. 
This hypothesized SNTT failure mode was confirmed from scanning electron microscope (SEM) 
examination of tested SNTT thin film samples. Thus, for a non-precracked, oxidized SNTT MA956 
sample, cracking is expected to initiate at the corner interface (at the bottom of the groove) and to grow 
upward along the interface before it penetrates down into the substrate. 
Because of the small dimensions of the thin film test sample, sensitive instrument control was needed; 
in particular, optical devices were needed for measurement of subtle deformation. Additionally, acoustic 
and infrared instruments were needed to capture the onset of the crack initiation underneath the coating.  
4.3. TEST SAMPLE PREPARATION  
SNTT specimens were fabricated to the design shown schematically in Fig. 5 from a 1.5-in.-diam rod 
of alloy MA956 (956 ANN2300F), and from a ½ by 2-in. cross-section plate of a higher-aluminum 
variant (MA956HT, heat WBD0667). Both were in the recrystallized (1 h at 1300°C) condition. A total of 
10 SNTT specimens were made, including five with V-notch grooves and five with U-notch grooves. 
Because of the limited material available and the constraint of the dimensions of the received raw 
materials, all the SNTT specimens were machined in L-T orientation. While the size of the test specimen 
is optional, depending on the form of the available material, these specimens had a uniform gage section 
of 1¼ in., on which a complete lobe of a spiral groove with a pitch of 45° was machined. The squared end 
sections were made to transmit torque, and the threaded ends were made for zero axial load control. Four 
SNTT specimens were used in the as-machined condition for calibrating fatigue precrack and evaluating 
fracture toughness of MA956.The other six SNTT samples were oxidized to grow an alumina surface film 
of thickness in the range of 7 to 12 µm (alloy MA956HT oxidizes more slowly than the standard alloy 
and so grew a thinner film under the same oxidation conditions of 100 h in air at 1100°C). The alumina 
film was expected to be uniform in thickness and to cover the entire rod surface, including the spiral 
grooves. The corresponding material ID, groove geometry, baseline fatigue precrack, and heat treatment 
of the oxidized SNTT thin film specimens are listed in Table 1. Specimens with V- and U-type grooves 
were used in the thin film study.  
 
Alumina 
MA956 substrate 
Stress zone with 
high constraint 
Force 
Interface
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Fig. 5.  SNTT thin film specimen design configuration. 
Table 1.  Specifications of SNTT thin film samples 
Specimen ID Material ID Spiral notch 
type 
Baseline 
precrack
Temp. (°F) / time (hr) 
1 Heat 1
a
 V shape-1
c
 Yes 1100°C/100h 
2 Heat 1 V shape-2
d
 Yes 1100°C/100h 
3 Heat 1 U shape-1
e
 No 1100°C/100h 
5 Heat 2
b
 V shape-1 Yes 1100°C/100h 
7 Heat 2 U shape-1 No 1100°C/100h 
9 Heat 2 U shape-1 Yes 1100°C/100h 
aMA956-ANN 2300F;  
bMA956HT- Heat No:WBD0667. 
cType V-1: 0.015” deep, 60° vee;  
dType V-2: 0.032” deep, 90° vee 
eType U-1: 0.016” deep and 0.0197” wide 
5. EXPERIMENTAL SET-UP AND TEST RESULTS  
Torsion tests were performed using a closed loop-controlled, electro-hydraulic, biaxial testing system, 
shown in Fig. 6. Test specimens were subjected to pure torsion controlled by LVDT and RVDT, in 
association with a high-sensitivity, biaxial load cell to maintain a zero axial load. In order to capture the 
onset of crack initiation, an acoustic emission device was used. Precracking for baseline MA956 
specimens was accomplished by cyclic torsion, using the Haver sine wave form. The maximum torque 
used in precracking varies with materials and must be determined experimentally; normally about 60–
80% of the torque that generates the maximum shear stress around the specimen diameter will suffice. We 
did not use compliance to monitor the fatigue crack growth; instead, an approximate compliance function 
was used to estimate crack growth under loading and unloading sequences in torsion. To date, the closed-
form solution for torsion compliance has not been developed. An exploratory procedure estimating load-
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displacement (or stress-strain) slope change at different phases of fatigue loading was adopted to estimate 
fatigue crack growth. The fatigue crack growth was measured by postmortem examination. In general, 
precracking was not needed for a brittle SNTT specimen, such as a ceramic. Also, for investigating 
interface cracking of an oxidized MA956 SNTT specimen, the precrack was considered to be redundant 
because the material discontinuity was a natural stress riser. However, in order to provide a comparison 
between the precracked baseline sample and the oxidized sample, two sets of SNTT baseline samples 
were prepared, one with a precrack and one without a precrack.  
  
Fig. 6.  Experimental set-up, including acoustic emission sensors 
attached to the ends of SNTT specimen. 
The fracture torque load at the crack initiation is needed as input for the interfacial fracture toughness 
evaluation, using a new SNTT analytical procedure developed for this project. Determining the torque at 
crack initiation required the use of several techniques concurrently, because of the micro-scale of oxide 
thickness. In recent years, infrared (IR) imaging has been applied successfully for detecting and 
monitoring fatigue crack growth.[52,53] However, because of the highly insulating nature of the alumina 
film, the surface temperature profile of the SNTT oxide sample revealed from IR imaging was not useful 
for detecting or determining evolution of an interfacial crack underneath the alumina film. The acoustic 
emission technique provided very consistent and distinct signals during the fracture test.  
5.1. BASELINE FRACTURE TOUGHNESS EXPERIMENT  
Because of limited availability of alloy MA956, only four SNTT samples were used for exploring 
fatigue precrack and fracture behavior for the as-received (non-oxidized) alloy. Of the three SNTT 
MA956 specimens used for evaluating the fatigue precrack procedures, all fractured during the 
exploration of the fatigue precrack testing procedure. This fatigue precrack procedure was then used to 
precrack some of the SNTT baseline samples. One sample used to measure the fracture toughness of 
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MA956 was fractured at 32 N-m with a 0.06-in. deep crack. Instead of carrying out detailed finite element 
analysis for fracture toughness evaluation, the fracture toughness data were estimated and projected from 
the earlier SNTT fracture toughness data for A302B steel, with a/W ratio (crack length to diameter ratio) 
at about 0.4. The estimated toughness of the as-received MA956 material was about 68 MPa√m. 
 
Fig. 7.  Fractured SNTT MA956 samples. 
5.2. EVALUATION OF RESIDUAL STRESS OF THIN FILM COATING MATERIAL   
5.2.1. Thin Film Stress Evolution  
Since the oxide film grown by oxidation of the surface of alloy MA956 has a greater volume than that 
of the metal consumed, stresses invariably develop between the oxide and the underlying alloy. Further, 
the CTE of MA956 is significantly higher than that of alumina,[54] providing a further source of stress 
during heating and cooling. There is a prevailing consensus that failure of an oxide film occurs when the 
stored elastic strain energy in the scale (the product of the scale thickness and the square of the stress) 
reaches a critical value. Therefore, the stress state in an oxidized scale is an important parameter in 
predicting the loss of integrity of the scale and hence in assessing the long-term protection afforded the 
underlying alloy. In general, the CTE thermal stress is much greater than the scale growth stress. Stott and 
Atkinson[55] reviewed the general approaches used to describe the generation of stresses during oxidation. 
They also demonstrated the importance of stress relaxation during scale growth at high temperature in the 
model of stress generation during the oxidation of silicon. 
5.2.2. Fluorescence Measurements  
The technique of Cr3+ fluorescence piezospectroscopy was used in this study to measure the stress in 
the α-alumina film formed by thermal oxidation.[56-58] Three types of information concerning the scales 
can be obtained from the fluorescence measurements: the strain from the piezospectroscopic shift of the 
R-lines; the strain gradient through the oxide thickness from the broadening of the R-lines; and the 
crystallographic texture of the oxide film from the intensity ratio of the two R-lines. Measurements of the 
Cr3+ R-line fluorescence were made by exciting the oxide using an argon-ion laser operating at 514 nm. 
The laser was focused onto areas of interest with an optical microprobe. The excited fluorescence was 
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collected along the same optical path. The fluorescence spectrum was dispersed using a triple-grating 
spectrometer equipped with a liquid-nitrogen-cooled charge-coupled device (CCD) detector. The 
fluorescence line frequencies and widths were obtained by fitting spectra to double pseudo-Voigtian 
functions, one for each of the R-lines. All measurements were made at room temperature. 
Table 2 shows the average hydrostatic stress collected from the thermally-grown α-Al2O3 scale from 
both the bulk (far away from the groove) and within the groove. The bulk stress varies slightly between 
samples as a result of different heating conditions. Average measurements collected within the groove 
show less stress and more stress variation than the bulk measurements, a difference most likely caused by 
the alumina scale spallation and interfacial cracking in this area.  Stress measured in the bottom corner of 
specimen 9 was much lower than all the other measurements because the scale was completely 
delaminated (but still intact) in this region. Figure 8 shows a residual stress profile across the U-groove 
site of specimen 7 before the torsion test, and from specimen 3 after the torsion test. The scan profile 
region spans from near the middle of the bottom groove, through the corner, up along the side wall, to the 
top edge of the corner (orientation as in Fig. 4). Even though specimens 3 and 7 were made from MA956 
and 956HT, respectively, the residual stress profiles were very similar, which may indicate that most of 
the films are still intact after the torsion test. The estimated residual stress from the bulk and side of the U-
groove of specimen 3 was used as input for the boundary condition of the SNTT finite element model 
analysis. 
Table 2.  Residual stress estimated from fluorescence measurements 
Specimen ID– 
groove shape 
Location Hydrostatic stress 
(GPa) 
St. dev. 
1-U bulk −3.58 0.03 
2-V bulk −3.49 0.03 
bulk −3.66 0.01 
groove/bottom −2.59 0.14 
groove/corner −2.50 0.33 
3-U 
groove/wall −2.71 0.17 
5-V bulk −3.85 0.01 
7-U bulk −4.02 0.02 
bulk −3.92 0.02 
groove/bottom −2.68 0.08 
9-U 
groove/corner −0.27 0.01 
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Fig. 8.  Residual stress profile across U-groove from specimen 7 before the torsion test and 
from specimen 3 after the torsion test.  
5.3. POSTMORTEM EXAMINATION OF OXIDE SNTT SPECIMENS   
5.3.1. Initial Visual Inspection  
Initial visual examination was made following the oxidation treatment of the SNTT samples. It 
appeared that the alumina scale at the top corners (see Fig. 9) of the V- or U-groove sites was all spalled, 
while the alumina scale remained intact on the rest of the SNTT samples. The residual stress distribution 
near the U-groove site is shown schematically in Fig. 9. For a thin TGO normal stress is not usually a 
concern except at the sites near delamination, such as at free edges. As indicated earlier, biaxial 
compressive residual stress fields exist within such films as a result of growth stress and of stress induced 
by CTE mismatch, which is a function of temperature and cooling rate, film thickness, etc. The out-of-
plane normal stress typically does not exist, or is very small, for a flat plate with a relatively thick 
substrate. The stress fields of a thin film can be characterized as equal bi-axial stress fields and estimated 
from hydrostatic pressure obtained from a nondestructive evaluation, such as the Cr3+ fluorescence 
piezospectroscopy technique. As for the case considered here, a circular rod with notch may present a 
different problem compared with a flat surface. However, the above mentioned normal stress condition 
can still hold for a curved surface with a curvature that is much larger than the thin film thickness. In our 
specimen design with a 0.15-in. diameter, the corresponding curvature is much larger than the film 
thickness at 10 µm range. Thus, the issue regarding residual normal stress still holds for most of the 
cylinder surface, except at the U-groove. Owing to lack of information regarding spallation in real time, 
the possible causes of the alumina spallation at the top corner of the U-groove are discussed below, with 
reference to Fig. 9.  
Wright et al. showed that the regions of local curvature can result in significant tensile stress along 
the exterior surface of the oxide and large stress gradients in the scale as it bends, as well as contracts, 
upon cooling.[59] Further numerical analysis of surface cracks at regions of curvature in oxide scales was 
done by Williamson et al.;60 with a continuous rod curvature (2×2mm²) samples were used in the study. 
In their work on geometry effect, ratios of corner radii to scale thickness (rs/t) of 0.5, 2, and 4 are 
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considered. The results show initial crack motion perpendicular to the free surface of the scale, followed 
by a 90° turn, resulting in a path nearly parallel to the free surface, and finally breaking through the scale 
within the curved section.[60] However, these models were developed within a continuous curvature 
domain, which may not directly apply to a substrate with a right angle corner that has a discontinuous 
curvature characteristic and a near-zero rs/t ratio. Nevertheless, the Williamson models show that the 
stress intensity factor increases with decreasing rs/t ratio. Therefore, the tensile crack of a thin film will 
likely initiate at the corner. Thus, after the initial crack at the corner, the problem will be simplified to 
conventional free edge thin film case. It is well known that the free edge of a thin film can act as a site for 
delamination. However, that does not fully explain why the alumina scale at the vicinity of the top corner 
of the U-groove is completely spalled.  
As shown in Fig. 9, Corner A is adjacent to two perpendicular thin film layers. The top corner of the 
substrate would not possess the characteristics of a free edge if the corner film remained intact. From the 
point of a physical singularity and the surface slope discontinuity at a corner, it would be difficult to form 
a thin film with a well organized and orientated columnar structure and subsequently to maintain the 
integrity of the thin film and its bonding with substrate during cooling. Furthermore, considering the 
residual stress distribution during cooling, as illustrated in the lower portion of Fig. 9, the tensile residual 
stresses of the substrate will have a tendency to pull the corner of the substrate away from its original 
position in a diagonal direction; while the compressive residual stress in the film will have a tendency to 
push the alumina film away from the top corner of the substrate, also in a diagonal direction. It is also 
expected that the Corner A block will have less residual stress as a result of lack of direct contact with the 
substrate and will act as connecting block between the two perpendicular alumina scales. It is not difficult 
to visualize that, with increasing residual stress during cooling, the combined effect of tensile and 
compressive residual stresses at the corner will eventually detach the alumina film initially at the top 
corner of the U-groove. After the interface crack growth reaches a threshold crack length, the 
compressive residual stress will then buckle the delaminated alumina scales and result in spallation of the 
alumina scale at the vicinity of the top corner of the U-groove. 
 
Fig. 9.  Schematic diagram of residual stress fields near the U-groove site. 
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5.3.2. Surface Examination of As-Machined SNTT Samples   
After the initial visual examination of the SNTT samples, the areas around the spiral grooves were 
also examined in detail by optical microscopy. This revealed the surface finish of the test samples to be 
fairly rough, especially at the spiral groove sites for specimens 2 and 5. The surface roughness may have 
been due to machining performance or to the machining properties of alloy of MA956. Microscopic 
surface images for typical V-groove SNTT samples are shown in Fig. 10 (for specimen 1). Significant 
surface flaw sites were revealed around the V-groove in specimen 5, including chipped edges and a wavy 
groove bottom (Fig. 11). Figure 12 shows two shallow grooves on both V-groove walls for specimen 2; 
these were thought to be due to cutting errors during machining.  
Surface images of typical U-groove sample (specimen 9) are shown in Fig. 13. U-grooves seem to 
have less machining damage than V-grooves. 
 
   
Fig. 10.  Typical as-machined V-groove (specimen 1). 
 
Fig. 11.  V-groove cutting flaw sites in specimen 5. 
  
Fig. 12.  Cutting discontinuity (arrows ) on both as-
machined V-groove walls (specimen 2). 
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Fig. 13.  Typical appearance of 
as-machined U-groove (specimen 
9). 
5.3.3. Surface Examination of Oxidized SNTT Samples before Torsion Test  
Plan views of the surfaces of oxidized U-groove SNTT specimens 3, 7, and 9 shown in Figs. 14–16 
show that the alumina scales had spalled from both the top corners of the U-groove. The scale on 
specimen 9 was thinner than that on specimen 3; shiny residues also were visible at the bottom of the 
groove. The difference of thin-film thickness between specimens 9 and 3 was due to the different baseline 
materials, MA956 and 956HT, used to manufacture these two samples. Plan views of the surfaces of 
oxidized V-groove SNTT specimens also show that the alumina scales had spalled from both the top 
corners of the V-groove. 
 
  
Fig. 14.  Views from south and north edges of U-
groove on specimen 3 (not pre-cracked). 
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Fig. 15.  Specimen 7 (U-groove, not 
pre-cracked) after oxidation. 
 
Fig. 16.  Specimen 9 (U-
groove, pre-cracked) after 
oxidation. 
 
 
5.3.4. Examination of Oxidized SNTT Samples after Torsion Testing 
5.3.4.1. Specimens with U-Section Grooves 
Not Pre-Cracked 
Figures 17–20 illustrate the fracture and spallation sites of the alumina scale as indicated with arrow 
marks for specimens 3 and 7 after torsion testing. Most of the alumina scale at the bottom of the spiral 
groove appeared to be intact. A crack along the edge of the bottom corner of the spiral groove on 
specimen 3 is shown in Figs. 17 and 18(a). A more detailed view of the alumina scale spallation at the 
bottom corner of the groove is shown in Fig. 18(b). A similar scale cracking and spallation site at the 
bottom of the groove on specimen 7 is shown in Figs. 19–20. There was no damage apparent at the 
bottom of the U-grooves in the as-machined samples prior to oxidation. 
 
 
Fig. 17.  Scale spallation sites after torsion testing (specimen 3). 
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(a)     (b) 
Fig. 18.  Scale spallation at the bottom corner of specimen 3. 
 
 
Fig. 19.  Scale delamination and spallation sites after 
torsion testing (specimen 7). 
 
Fig. 20.  Scale crack and spallation sites along the bottom of the U-groove after torsion testing (specimen 7). 
Pre-Cracked 
Comparison of the oxide on the U-grooves of specimens 9 and 7 (not pre-cracked), shown in Figs. 21 
and 19, indicates fewer spallation sites on the non-pre-cracked specimen. This delamination on the pre-
cracked specimens may have resulted from the development of an oxide wedge at the tip of the pre-crack 
sites during oxidation. Figure 22(a) shows typical U-groove spallation and crack sites on specimen 9, 
which are similar to those of non-precracked samples but more extensive. Details of the alumina scale 
spallation site at the bottom corner of the U-groove are shown in Fig. 22(b), and 22(c) shows typical 
 
20 
crack sites near the bottom corner of the groove. Figure 22(d) shows the external features of the alumina 
scale. 
 
Fig. 21.  Scale spallation in groove after oxidation 
(specimen 9, pre-cracked). 
 
  (a)            (b) 
 
    (c)             (d) 
Fig. 22.  Spallation sites (a) top view, (b) bottom corner, (c) alumina crack 
sites at bottom corner, and (d) plan view of adherent scale (specimen 9). 
5.3.4.2. Specimens with V-Section Grooves 
On the pre-cracked samples (1 and 2), a large portion of the alumina scale near the center region of 
the spiral groove appeared to be delaminated from the substrate. The scale failure sites on specimen 1 are 
shown in Figs. 23 and 24; the scale appears to be spalled or delaminated in the middle section of the 
groove. The alumina spallation sites near the center did not exhibit an “oxide footprint” pattern (Fig. 24b, 
d), compared with the spallation sites at the top corner of the V-groove, suggesting that the oxide may not 
be in contact with the alloy at the conclusion of the oxidation treatment. The widespread damage was 
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most likely attributable to the pre-cracking of the samples. Figure 24(b) shows a large cavity beneath the 
alumina scale, possibly associated with an original machining defect in the groove.  
 
 
Fig. 23.  Scale spallation and delamination sites after 
torsion testing (specimen 1). 
 
(a) (b)  
 
(c)          (d) 
Fig. 24.  Unusual features at spallation sites in the V-groove on pre-
cracked specimen 1, after torsion testing. 
 
Two parallel spallation lines were observed on pre-cracked specimen 2 (Fig. 25), which are consistent 
with the flaw sites identified on the baseline sample.  Also in Fig. 25, a crack line can be seen near the 
root of the V-groove, and some scale delamination sites are also visible near the bottom of the spiral 
groove (Figs. 25b and 26). Figures 27 and 28 illustrate a scale spallation pattern on pre-cracked specimen 
5 that corresponds to the rough, as-machined surface shown in Fig. 13 and demonstrates the detrimental 
effects of poor initial surface quality on the structure and adhesion of the oxide scale. 
 
22 
 
 
     (a)   (b) 
Fig. 25.  Fracture site (left) and spallation and delamination 
sites (right) after torsion testing (specimen 2; pre-cracked). 
 
 
Fig. 26.  Scale spallation and crack sites on specimen 2. 
 
 
Fig. 27.  Scale spallation site of pre-cracked 
specimen 5 after torsion testing. 
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Fig. 28.  Irregular alumina formation near the edge of V-groove 
due to machining flaw at the edge of the spiral groove on specimen 5. 
5.3.5. Examination of Oxidized SNTT Specimens Fractured after Cyclic Torsion Loading 
In order to further examine the surface features beneath the oxide film, a control cycle fatigue 
procedure was used to fracture SNTT specimens 1 (pre-cracked V-grooved) and 7 (not pre-cracked U-
grooved) to allow access for SEM imaging of the side wall, the bottom of the spiral groove, and the 
bottom corner along the spiral groove. 
5.3.5.1. Pre-Cracked Specimen 
Figure 29 shows alumina spallation sites near the top edge of the spiral V-groove from the fractured 
specimen 1. The scale over region A in Fig. 29 apparently was not in contact with the alloy (lack of 
“oxide footprints,” so spallation occurred during cooling following oxidation. The remaining spallation 
sites in Fig. 29 apparently formed during the fatigue fracture test, since the alloy surface exhibits 
extensive oxide footprints, signifying an adherent oxide. Figures 30–31 show details of spallation sites at 
the bottom of the spiral groove. The oxide appears to have bridged areas containing deep voids; the lack 
of oxide footprints on the flat surface between the voids and the smooth contours of the voids themselves 
indicate that these constituted a very large cavity beneath the original scale.  The fact that the oxide was 
in contact only with the tops of the “pillars” shown in Fig. 30 (Region B) and 31 and yet grew with the 
expected columnar grain structure to a uniform thickness is surprising, and it suggests that transport of 
aluminum vapor species across the cavity was faster than oxygen diffusion through the oxide. This 
spallation site is near the location of the fatigue pre-crack that was formed at the bottom of the U-groove 
prior to oxidation.  
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Fig. 29.  Scale spallation sites near the edge of groove 
on pre-cracked specimen 1. 
 
Fig. 30.  Region B reveals a location where the 
alumina scale was adherent at temperature 
(specimen 1). 
 
Fig. 31.  A pillar-like structure near the fatigue 
pre-crack site on specimen 1. 
 
 
5.3.5.2. Non-Pre-Cracked Specimen 
Figure 32 illustrates scale spallation sites on the right side wall and the bottom portion of the U-
groove on specimen 7. Spallation typically was focused at the intersection of the side wall and bottom of 
the U-groove (Fig. 32b). The scale on the rest of the side-wall and bottom of the groove remained intact, 
indicating that good bonding between the alumina scale and the substrate still remains even after 
numerous torsion fatigue cycles.  
Figure 33 shows two views of the fracture faces of the adherent scale on the bottom flat portion of the 
U-groove near the site of the overall fatigue failure.  The cross section of the oxide appears typical of the 
normal scale grown on this alloy. However, a distinct layer of different appearance from the oxide and 
alloy is located between the alumina scale and the substrate, as indicated by the arrows. Further examples 
of the layer from the corner between the wall and the bottom of the groove are shown in Fig. 34, 
illustrating where the bottom section of the groove was broken away when the specimen fractured. This 
underlying structure was found in the fractured SNTT specimen 7 purely by chance by SEM with a 
proper viewing angle. Since the oxide has grown on this layer in the expected way, the layer is clearly 
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MA956.  The proximity of the layer and the structures that resemble the pillars noted earlier (Fig. 31) 
suggests some connection: the smooth sides of the pillars and the fracture face of the layer and the 
absence of oxide footprints around the base of the pillars further suggest the presence of a larger cavity 
between the unidentified layer and the alloy during the oxidation process.  The layer may possibly be 
associated with gross machining that remained attached to the surface. However, the observed uniform 
thickness of this distinct layer throughout the fractured U-groove section (both at the bottom and on the 
side-wall of the U-groove) may indicate this distinct layer is indeed a material characteristic of the oxide 
MA956 sample instead of an anomaly. Thus further investigation is needed to clarify the fundamental 
forming mechanism of this phenomenon.  
The topography shown in Fig. 34 reveals a complicated structure near the bottom of the side-wall of 
the U-groove, such as pillar-like and void structures. These phenomena may well be due to the violent 
fatigue fracture event of the fractured SNTT sample 7. Nevertheless, the observed structure clearly 
indicates that the potential defects exist at or near the bottom corner of the U-groove. This defect 
formation phenomenon is likely due to high-intensity stress fields existing at the bottom corner of the U-
groove. This high-stress field is the result of the interaction between the geometry constraint of a U-
groove, oxide growth stresses, and the high residual stresses associated with the formation of the alumina 
scale. For a brittle material, the fatigue pre-crack procedure is not required while utilizing the SNTT 
approach to evaluate valid fracture toughness where a shallow notch or flaw will be sufficient. 
Furthermore, to induce a pre-crack at the bi-material interface is an extremely difficult task, if not 
impossible. Potential flaw sites that exist near the bottom corner of the U-groove shown in Fig. 35 
provide a crack starter or crack initiation site for a valid SNTT fracture toughness evaluation. 
 
Fig. 32.  Details of spallation sites at the bottom and bottom corner are shown in (a) and (c); corner/edge 
of the U-groove bottom as shown in (b); (specimen 7; not pre-cracked). 
 
(a)    (b)        (c) 
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Fig. 33.  The fracture reveals a distinct, unidentified layer between the alumina scale and the 
substrate as indicated by arrows in (a) the view from the underside of the bottom flat of the U-
groove and (b) the view from the top of the bottom corner edge of the U-groove (specimen 7). 
 
Fig. 34.  Further views of the unidentified layer at the fracture surface on specimen 7. 
5.3.5.3. Oxide Wedging in V-Grooved Specimens 
A schematic diagram of the formation of such a wedge is illustrated in Fig. 35, which represents a 
pre-crack initially closed but reopened during oxidation. Consequently, the alumina scale grew into the 
crack to form an oxide wedge. Upon cooling or loading, this oxide wedge will provide a driving force to 
extend the crack further into the alloy substrate. This crack growth phenomenon beneath the alumina 
scale is thought to be the main cause of the observed scale delamination and spallation at the center 
section of pre-cracked V-grooved SNTT samples. 
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Fig. 35.  Schematic diagram of the formation of an oxide wedge. 
5.4. TEST RESULTS FROM SNTT THIN FILM FRACTURE TEST AND ACOUSTIC 
EMISSION DETECTION 
5.4.1. Acoustic Emission Testing  
A material under stress accumulates energy, and sudden deformation produces elastic waves and 
generates acoustic emission (AE) signals. The stress and the associated strain can be tensile, compressive, 
or shear, so that under stress a material expands, contracts, and/or shears. Up to the yield point, strain is 
elastic; but it is permanent or plastic after yielding. Acoustic emission is associated with permanent strain. 
Therefore, AE can be defined as transient elastic waves generated by the rapid release of energy within a 
material. With AE equipment one can “listen” to the sounds of crack growth and many other modes of 
active damage in the stressed materials. The ideal AE source generates spherical waves, but in real 
structures the propagation is affected by surfaces. An AE system, LOCAN 320, was used in this research 
for detecting crack initiation in oxidized SNTT samples under torsional loading. LOCAN 320 is a 
computerized system that performs AE signal measurements and stores, displays, and analyzes the 
resulting data in real time.[61] The acoustic signals from the loaded structure are converted into electrical 
signals by the sensors, amplified to useable voltage levels by the preamplifiers, and measured in two-
channel computerized modules known as independent channel controllers (ICCs). Each AE source event 
in a structure may be detected by one, two, or more channels; detection on any one channel constitutes a 
“hit,” so that each event may produce one or several hits. Each AE signal (hit) is described in terms of its 
features, as shown schematically in Fig. 36, which include:  
1. Hit−a burst acoustic emission signal   
2. Time−the time of detection signal, in µs  
3. Rise time−the time from the first threshold crossing to the peak, in µs  
4. Duration−the time from the first to the last threshold crossing, in µs  
5. AE counts−the number of times the acoustic emission signal crosses the threshold  
6. AE count to peak  
7. Energy−area under the signal envelope  
8. Average frequency  
9. Threshold level, in dB   
10. Peak AE amplitude −the peak voltage of the AE signal (usually logarithmic), in dB   
 
Wedge shape alumina scale developed due to 
precrack reopening during oxidation. 
MA956 Oxidized sample 
Closed precrack 
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Fig. 36.  The AE waveform characteristic. 
The time, rise time, energy, amplitude, and AE counts are useful in identifying the crack initiation 
and its characteristics during a torsion test. For example, the AE amplitude is useful for comparing the 
relative distance of source sites from the sensors, since amplitude attenuation is proportional to distance. 
Each AE signal contains background noise. There are two categories of noise, electrical and mechanical. 
Electrical noise includes white noise; ground loop noise; and mechanical noise, which includes test 
machine and friction noise, etc. In order to obtain accurate AE test results, these noise sources must be 
controlled. Use of a suitable “threshold” can filter out background noise and is the prime variable that 
controls channel sensitivity. Gain has an important effect on energy measurements; gain also has to be set 
high for high-sensitivity testing.   
In the current study, the threshold was set as 45 dB and the gain was set as 20 dB during the AE data 
collection. Furthermore, in order to increase the sensitivity of fracture load evaluation for study of thin 
films, a smaller biaxial load cell (load capacity 200 in.-lb) was installed (in addition to the original biaxial 
load-cell with a capacity of 10,000 in.-lb). The calibrated ratio of torque to voltage was 2.051 N-m per 
volt for the smaller load cell. A Haver sine function torque loading with displacement control was applied 
to the oxidized SNTT specimens. The torque voltage readout of the small load cell was set as parametric 
input for the LOCAN 320 system during the test. Based on the real time history of torque loading and AE 
signal characteristics, one can estimate the fracture load of the crack initiation event for an SNTT thin 
film specimen during the pure torsion test. The other information, such as rise time, duration, energy, and 
amplitude of AE signal, were used to identify the material zone and the crack growth characteristics of 
inhomogeneous materials.  
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5.4.2. Test Results for Oxidized SNTT Samples (without Fatigue Pre-Cracks)  
Distinct AE hits were detected during pure torsion loading cycles, as illustrated in Figs. 37–38 for 
non-pre-cracked, U-grooved specimens 3 and 7. The related Haver sine loading cycles are shown in the 
top portions of Figs. 37–38. The torque limit was set to be around 60–80% of the estimated torque that 
generated the maximum shear stress on the alumina scale on a 0.3-in.-diameter SNTT specimen. The long 
spiral groove and uniform stress field distributed along the axis of the SNTT specimen provide equal 
opportunities for generating interfacial crack sites along the groove and at the consecutive or repetitive 
loading cycles. Therefore, the SNTT thin film samples were tested repeatedly under the Haver sine 
loading cycles.  
 
Fig. 37.  Torque load (top, in volts) and AE hits 
(bottom) time histories for specimen 3. 
 
Fig. 38.  Torque load (top, in volts) and AE hits 
(bottom) time histories for specimen 7. 
 
During the first three tests, few spallation sites of alumina scale were identified. However, after a 
series of tests, numerous spallation sites along the bottom corner of the spiral groove were revealed; as a 
consequence, AE hit signals became more complicated compared with those from the earlier tests. Thus, 
the first three torsion tests and the associated AE results were considered to be valid and were used to 
estimate the fracture torque that caused the delamination of the alumina scale. The first hit of each loading 
cycle was considered to originate at the interface between the thin film and the substrate, assuming that 
the oxide-metal interface was the weakest link. The remaining hits may initiate from other interfaces, such 
as from the cracks associated with buckling of the scale, or from the substrate. The first three test results 
for specimens 3 and 7, related to the first AE hits, are listed in Table 3.   
Table 3.  Acoustic emission and torsion test results for oxidized, non-pre-cracked, U-grooved 
specimens 3 and 7. 
Specimen 
ID Test no. 
Param1 
volt 
Torque 
N-m 
Rise 
µs Count 
Energy 
 
Duration 
µs 
Amplitude 
dB 
3  1  2.30  4.71  109  10  12  353  50  
3  2  2.33  4.77  2  1  5  2  44  
3  3  2.51  5.14  92  33  24  535  55  
7  1  2.06  4.22  19  7  11  152  49  
7  2  2.02  4.14  9  14  13  216  53  
7  3  2.73  5.59  1  1  5  2  45  
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From the “torque” value listed in Table 3, it can be seen that the scatter in the estimated interface 
fracture torque (identified from the first AE hits) was fairly small. The AE test results indicate that the 
proposed testing procedure is repeatable and reliable until the threshold (or maximum damage density) of 
the alumina scale spallation (or delamination) is reached. The test data from a high-damage-density 
sample may provide a non-conservative or unreliable estimate of the interface toughness, as a result of 
complex AE hit responses originating from numerous crack sites. Furthermore, detailed and thorough 
analyses may be needed to distinguish the sources of these AE hits.   
The energy count of AE hits can provide a very useful index for identifying the likelihood of the AE 
source. This is due to the fact that more energy can be stored in the substrate than in the thin film; 
therefore, a much larger energy count would be anticipated for AE hit sources from the substrate than 
from other AE hit sources. Indeed, many such AE signals were observed from the torsion loading cycles, 
especially for the pre-cracked SNTT samples. Furthermore, it is anticipated that less energy (or load) is 
required to initiate an interface crack than is required to fracture the alumina scale of high residual stress. 
Moreover, the AE hits initiated from an interfacial crack source underneath the thin film will have a lower 
energy count (or intensity) than those initiated from a source at the fracture sites in the thin film. 
Therefore, the energy count of each AE hit will also provide a valuable insight regarding the source and 
fracture zone of crack initiation.  
5.4.3. Test Results for Oxidized SNTT Samples with a Fatigue Pre-Crack  
Time histories of AE hit signals from pre-cracked SNTT samples during the torsion tests are shown in 
Figs. 39–40. These show significantly higher counts of AE hits and higher energy intensity that those 
from oxidized, non-pre-cracked SNTT specimens. In many cases, the estimated torque from the first AE 
hit data from the four pre-cracked samples (specimens 1, 2, 5 and 9) was much lower than that obtained 
from the non-pre-cracked samples. This is likely to result from the rough surfaces, with numerous crack 
sites developing during the fatigue pre-cracking cycles. During oxidation of the SNTT samples, numerous 
potential flaw and anomalies can be developed at such sites, and these may fail under very low loading. 
The bottom portions of Figs. 39–40 are the time histories of the energy counts for the AE hit events, 
which show that many hits had extremely high energy counts. As discussed earlier, the alloy substrate is 
the likely source of high energy counts, so these probably initiated at the fatigue pre-crack sites.   
Table 4 lists some of the AE test results for the pre-cracked, oxidized SNTT samples. Comparison of 
the data in Tables 3 and 4 indicates that non-pre-cracked SNTT samples are more suitable for studying 
thin film interface toughness than pre-cracked samples. On issues related to the sensitivity of these results 
to the groove geometry, no conclusion can be reached owing to lack of a non-pre-cracked, V-groove thin 
film sample. A detailed study is needed for non-precrack SNTT V-groove samples to clarify the 
sensitivity and impact of the groove configuration to the SNTT interface toughness evaluation.  
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Fig. 39.  AE hit events from specimen 1. 
 
 
 
Fig. 40.  AE hit events from specimen 5. 
 
 
Table 4.  Acoustic emission and torsion test results for oxidized, pre-cracked specimens 
1, 2, 5, and 9.  
Specimen 
ID Test no. 
Param1 
volt 
Torque
N-m 
Rise 
µs 
Coun
t 
Energ
y 
 
Duration 
µs 
Amplitude 
dB 
1  1  2.36  4.83  72  1  9  72  45  
1  2  1.51  3.09  2  1  7  1  45  
2  1  0.33  0.67  12  5  7  39  53  
2  2  0.35  0.71  13  5  6  35  49  
5  1  0.83  1.70  22  1  8  22  47  
5  2  2.82  5.78  44  85  43  1127  59  
9  1  2.63  5.39  1  1  8  1  46  
9  2  0.85  1.74  10  28  17  328  53  
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6. THEORETICAL BASIS OF METHODOLOGY 
6.1. DEVELOPMENT OF FINITE ELEMENT MODELS AND ANALYSES 
Analytical solutions are available to describe the biaxial stress-strain conditions through the thickness 
of infinite plates of joined dissimilar linear-elastic or simple elastic-plastic materials.[62,63] As for more 
complex nonlinear material behavior or complex geometrical configuration, the finite element methods 
are considered in many practical applications.[20,59,60,64,65] A three-dimensional (3-D) finite element model 
(FEM) of the SNTT specimen has been developed in this project. This model has a thin film of alumina 
on the outside and a substrate composed of Incoloy MA956. Our main goal in the FEM is to develop a 
model that can closely resemble the SNTT configuration with the crack propagation orientation 
perpendicular to the central axis of the cylinder. The PATRAN mesh generator was used to create 3-D 
finite element meshes, and the ABAQUS code was used for finite element analysis. Since the stress 
distribution of an SNTT specimen under pure torsion loading is uniform throughout the specimen, a slice 
of the gage length at the middle section was modeled and analyzed with appropriate boundary conditions 
for fracture toughness evaluations. Prismatic, quadratic, isoparametric, singular elements adjacent to the 
crack tip are modified to facilitate computational flexibility in linear elastic and non-linear elastic-plastic 
fracture mechanics analyses.  In the former, the nodes at the crack tip are constrained to have the same 
displacement in order to embody the r-1/2 singularity. 
6.2. THREE-DIMENSIONAL CONFIGURATION OF SNTT FINITE ELEMENT 
MODEL  
A global and two local Cartesian coordinate systems depicted in Fig. 41a are used to define the 
orientations of the specimen and a small imaginary cylinder centered at the spiral crack front. The first 
local coordinate system is located at the lower end of the crack front, and the second one is located at the 
mid-length of the crack front. The XY plane of the two local coordinates is normal to the crack front. 
Since the specimen is uniformly twisted along the entire length, it is postulated that the crack propagates 
in the XZ plane toward the center axis of the specimen (see Fig. 41b). Postmortem examination of 
fracture surfaces also supports the assumption from the earlier study.34 The mid-section of the SNTT 
specimen was used in FEM development, as shown in Fig. 42, which includes a cylinder with a radius of 
3.81 mm (0.15 in.) and a height of 2.54 mm (0.1 in.) with a 45° spiral U-groove at a depth of 0.423 mm 
(0.0166 in.). The oxide film thickness is set at 15 microns, as estimated from SEM examination of 
specimen 3, and the initial interfacial crack length is set at 5 microns. In order to simulate the potential 
flaw site at the bottom corner of the U-groove observed from SEM of the fatigue fracture SNTT sample, a 
void element was also incorporated into the model just below the flaw. This configuration will also ensure 
the initial crack growth will propagate upward along the interface. The detailed mesh configuration near 
the bottom of the U-groove of an SNTT FEM is shown in Fig. 43. 
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(a) (b) 
Fig. 41.  A 3-D sketch of proposed specimen configuration (a). The sketch indicates that the X-axis of local 
coordinate 2 is the crack propagation orientation at the middle of the crack front. A 3-D sketch of fracture 
surface topology (b) based on the assumption that the crack propagation orientation is perpendicular and 
point to the central axis of the cylinder. 
 
Fig. 42.  Elevation (a) and top view (b) of SNTT finite element model. 
 
Fig. 43.  The detailed mesh configuration near the bottom corner of the U-groove.  
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A major difficulty in constructing an FEM for SNTT thin film samples is incorporating the relatively 
large meshes of the substrate and the very small meshes of the thin film that surround the substrate into 
one 3-D FEM. The wide ranges of FEM meshes require several layers of transition zones to mitigate the 
gradient of the adjacent-mesh sizes. The thin film located at the top corners of the U-groove was not 
included in the model because of the spallation of the thin film at these sites observed from as- received 
oxide SNTT samples. Two types of meshes were generated around the crack tips:  (1) sharp crack tip 
geometry and (2) a dull crack front that was modeled with a 0.22 µm hole at the tip. These two scenarios 
provide the bounds of the interface fracture toughness evaluation of the proposed SNTT thin film 
configuration. Furthermore, in order to increase the mesh density around the crack front, a sub-model 
approach was incorporated into the finite element analysis. The details of the 3-D FEMs for the middle 
section of an SNTT thin film specimen and the focused view of the U-groove site are shown in Figs. 44–
46, respectively.  
Boundary conditions and load cases of FEM were determined from experimental results, which 
yielded a fracture torque of 4.63 N-m. This fracture torque was applied to the top layer of the FEM in the 
form of displacement while the bottom layer of the model was kept fixed in the X- and Y-axis directions. 
Displacements were allowed in the “Z-axis” direction, i.e. along the axis of the cylinder. An initial end 
rotation of 0.002334 radians was assigned to the top of the FEM; this was estimated from the fracture 
torque applied to a smooth bar with the same dimensions as the SNTT FEM. Observed from ruby 
fluorescence, the alumina film residual stress in terms of hydrostatic pressure is 2.5 GPa along the U-
groove site and 3.7 GPa elsewhere on the film. The initial end rotation and the residual stress fields were 
used as input for the load cases. 
 
Fig. 44.  Finite element model for middle section of SNTT thin film sample. 
  
Fig. 45.  Details of SNTT thin film FEM near the U-groove site. 
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where E is the Young’s modulus and ν is the Poisson’s ratio, and for mode II and mode III as, 
 
2 2 2(1 ) (1 ), and .− += =II IIIII IIIK KG GE E
ν ν  (2) 
For a mixed mode of fracture, the total energy release rate is written as 
 .= + +I II IIIG G G G  (3) 
For a linear elastic material, G can also be related to the J-integral as  
 J = G . (4) 
For a 2-D mixed-mode problem, Ishikawa, Kitagawa and Okamara[67] show that it is possible to 
decouple the J-integral into mode I and II components. This is done by separating the stress, strain, 
traction, and displacement fields analytically into mode I and II components within a symmetric mesh 
region in the neighborhood of the crack tip. The mode III component is normal and therefore independent 
of modes I and II. Based on the above observations, and if the local coordinates coincide with the 
principal stresses, J-integral can be written as 
 .= + +I I I I I IJ J J J  (5) 
For a linear elastic fracture mechanics problem in plane strain, Ji can be written as 
 
2 2 2 2 2(1 ) (1 ) (1 ), , .− − += = =I II IIII II IIIK K KJ J JE E E
ν ν ν  (6) 
Since the J-integral is an energy approach, an elaborated expression of the crack tip singular fields is not 
necessary. This is due to the small contribution that the crack-tip field makes relative to the total J (i.e. strain 
energy) of the body.  
6.3.2. Interfacial Material Fracture Toughness 
For an interfacial crack between two dissimilar isotropic materials with Young’s moduli E1 and E2, 
Poisson's ratios ν1 and ν2, and shear moduli )1(2/ 111 νµ += E and )1(2/ 222 νµ += E , J can be written as 
 
2
2 2 2
* *
1 1( ) ,
2
−β= + + µI II IIIJ K K KE
 (7) 
where  
 ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=
21
*
11
2
11
EEE
   ,    ⎟⎟⎠
⎞
⎜⎜⎝
⎛ +=
21
*
11
2
11
µµµ    , and    
1 2 2 1
1 2 2 1
( 1) ( 1)
,
( 1) ( 1)
− − −= + + +
µ κ µ κβ µ κ µ κ  (8) 
and κ= 3−4ν for plane strain, axisymmetry, and three dimensions; and κ= (3−ν)/(1+ν) for plane stress.  
Unlike their analogues in a homogeneous material, KI and KII are no longer the pure mode I and II stress 
intensity factors for an interfacial crack. They are simply the real and imaginary parts of a complex stress 
intensity factor, whose physical meaning can be understood from the interface traction expressions:  
 
37 
 22 12 0 23 0
( )( ) , ( ) ,
2 2
ε
θ= θ=
+σ + σ = σ =π π
i
I II IIIK iK r Ki
r r
 (9) 
where r and θ are polar coordinates centered at the crack tip. The bi-material constant ε is defined as  
1 1ln .
2 1
⎛ ⎞−βε= ⎜ ⎟π +β⎝ ⎠
 
The J-integral was calculated using the *CONTOUR INTEGRAL of ABAQUS, which is based on 
the domain integral method. Since the local coordinates of the SNTT FEM coincide with the principal 
stress orientation, under pure torsion loading, it is expected that the contribution of KIII to the value of J in 
the crack propagation orientation is much less than that of KI and KII. Furthermore, based on our 
experience, along the crack front of a homogeneous SNTT mullite sample with a shallow crack under a 
pure torsion loading, 99% of the J value is contributed by JI. [ref. 46]. Thus, along the crack propagation 
orientation, contribution of KIII to the J is negligible for an SNTT configuration; and eq. (7) can be written 
as 
 
2 2
2 2 2
* *
1 1( ) | *| ,−β −β= + =I IIJ K K KE E  (10) 
where K* = KI + i KII  , and the magnitude of K*, |K*|, can be written as  
 
2
*| *| .
(1 )
= −β
E JK  (11) 
It is clear from eq. (9) that tension and shear effects are inseparable near the interface crack tips. A measure of 
the relative portion of shear to normal traction (or mode I to mode II) requires the specification of a length 
quantity L*. For oscillatory fields, the phase angle of the mode mixity is uniquely specified by[34] 
 
*
tan .
=
⎛ ⎞σψ=⎜ ⎟⎜ ⎟σ⎝ ⎠
yx
yy r L
 (12) 
The length L* is arbitary but must be unchanging for a material pair: i.e., L* must be independent of 
the overall specimen size. For an MA956 thin film interface material, the bi-material constant ε is 
estimated as 0.00254, which is relatively small. Thus, for simplification, the term of K*riε in eq. (9) can be 
written as K*, and the associated phase angle of mode mixity can be expressed as  
 
0
tan ,
→
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   or   tan .ψ= II
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K
 (13) 
An SNTT configuration along the crack propagation orientation has a relatively small σyx/σyy ratio when 
r→0, for example at the quarter node of the singular element along the crack front, the σyx/σyy ratio is 
estimated as 0.005, and 0.1 at the end node of the singular element. For a practical purpose and to obtain 
an equivalent mode I interface fracture toughness, the associate phase angle ψ can be set as zero from 
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eq. (13). Therefore, at the phase angle approach ψ=0, the associated KII/KI is also approach to zero, the 
estimated upper bound of the equivalent Mode I interface fracture toughness can then be written as 
 2
** ,
(1 )
= −β
C
IC
E JK  (14) 
where the term JC is the estimated J-integral value at the fracture. 
6.4. FEM ANALYSIS RESULTS AND FRACTURE TOUGHNESS EVALUATION  
6.4.1. Fracture Toughness Evaluation for Oxide MA956 SNTT Specimens 
Material properties of MA956, alumina scale, and FEM modeling used in the analysis are tabulated in 
Table 5. All material properties are assumed to be homogeneous and isotropic. In order to verify the 
material properties of the baseline and heat-treated MA956 for nonlinear analysis, the automated ball 
indentation (ABI) technique was used to estimate the tensile yield strength and ultimate tensile strength. 
Plasticity effects were precluded for the alumina scale; the MA956 was assumed to be governed by a Von 
Mises-yield condition and isotropic hardening, based on the true stress-plastic strain curve obtained from 
the ABI tests. The indentation load-vs.-depth curves of ABI, shown in Fig. 47, reveal material softening 
for heat-treated MA956 samples, specimen 1 and 3, as compared with the baseline MA956 sample. A thin 
layer of residual alumina scale remained on the ABI test site from specimen 1. This thin layer of alumina 
manifests itself with a slight hardening compared with specimen 3’s ABI test data, which had the alumina 
scale completely removed from the ABI test site. 
Throughout most gage lengths, uniform stress and strain fields exist in the test sample under pure 
torsion loading. However, only a portion of the gage length of test samples was used in FEM model. 
Thus, with simulated boundary conditions, the stress and strain distributions under pure torsion are not 
entirely uniform throughout the model sample; but the middle portion is reasonably uniform. Since a zero 
axial load is maintained during torsion, the specimen is permitted to deform freely along the axis. For all 
practical purposes, this condition can be simulated for the middle layer elements of the FEM, and was 
used as the FEM boundary condition.  
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 Table 5.  Material properties and criteria used in FEM analysis. 
Alumina (room temperature): 
E = 370 GPa, ν = 0.20,  KIC = 4.0 MPa m  [Ref. 71,72]; 
KIC = 2.0 MPa m  [ref. 73]; KIC = 2.3 MPa m  [Ref. 74] 
Alumina (1100°C temperature): 
E1100°C:= 324 GPa, KIC = 0.78 MPa m  (MA956 exposed in 1100°C/5200 h) [ref. 75] Material 
MA956 (Room Temperature):  
E = 269 GPa, ν = 0.31,  KIC = 68 MPa m  in L-T orientation.. 
Tensile yield stress: 708 MPa,a ultimate tensile strength: 940 MPa.a 
Tensile yield stress: 600 MPa,b ultimate tensile strength: 810 MPa.b 
Tensile yield stress: 870 MPa, ultimate tensile strength: 890 MPa. [ref. 76] 
Global model: 72,520 3-D solid brick elements and the associated 316,200 nodes.  
The smallest element dimension is 0.22µm. Crack length is 7.5µm (0.0003 in.) 
FEMc Sub-model: 10,720 3-D solid brick elements (with singular element around the crack 
front) and the associated 46,844 nodes were used to refine the FEM mesh near the 
crack front at mid-layer of global model. 
Loading 
Condition 
Torque end rotation: 3.593E-04 rad 
Residual stresses: 2.50 GPa at U-groove; the rest of alumina scale: 3.7 GPa. 
Boundary 
Condition 
One end of the short bar constrained with zero displacements in X and Y axes of the 
global coordinates, and the other end free. 
aBaseline MA956 tensile data obtained from automated ball indentation technique. 
bOxide MA956 tensile data obtained from automated ball indentation technique. 
c3-D 20-node reduced integration (3D20R) element used in the FEM. 
Because of the large number of elements used for an SNTT thin film model, a minimum of 3GB of 
RAM memory and 14GB of scratch disk space is required to carry out stress-strain analysis with 
ABAQUS code. Thus, in order to solve this problem within a reasonable timeframe, it will require a high-
power and high-performance computing facility to carry out the analysis. Therefore, the finite element 
analysis was carried out on a supercomputer facility at ORNL; it took about 8,778 sec CPU time and a 
hard clock time of 4½ hours to complete the linear elastic fracture mechanics analysis of the global model. 
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Fig. 47.  Comparison of automated ball indentation curves, force vs. depth, which indicates that the oxide 
MA956 sample was softening compared with the baseline MA956 sample; oxide MA956 with partial coating 
sample shows slight hardening due to the thin film of alumina. 
The torque applied to the specimen from the prescribed end displacement was calculated according to 
the following equation: 
 ENDTorque * * ,
nodenode
⎛ ⎞= −∑ ⎜ ⎟⎝ ⎠
n
R x R yy x ii
 (15) 
where Rx and Ry are the reaction forces at the fixed end of the FEM in the X-axis and Y-axis directions, 
respectively, derived from the linear elastic fracture mechanics (LEFM) for the fracture loading condition; 
x and y are the x- and y-components of  the distance between the node i and the center of the circular bar, 
respectively.  
The 3.593×10−4 radian end rotation at the fracture load of 4.63 N-m (41 in.-lb) was determined by 
iterative processes using eq. (15). Based on linear elastic fracture mechanics, at the fracture load, the J 
value in the crack propagation orientation at the mid-layer of the FEM is estimated as 52 N-m/m² (0.30 
lb-in./in.²) and 3.7 N-m/m² (0.021 lb-in./in²) for a dull crack front with a hole at the crack tip and sharp 
crack front, respectively. The E* and β of eq. (8) are estimated as 311 GPa (4.52×104 ksi) and −0.008, 
respectively. Substituting E* and β value into eq. (10), we obtained the estimated equivalent Mode I 
interface fracture toughness as 4.0 MPa m  (3.7 ksi .in .) and 1.1 MPa m  (0.97 ksi .in ) for a dull crack 
front model (with a hole of 0.22 micrometer located at the tip) and a sharp crack front model, 
respectively. The estimated equivalent Mode I interface fracture toughness of a sharp crack front is 1.1 
MPa m , which is lower than that of the alumina scale referred to in refs. 71–74. A non-linear elastic-
plastic fracture mechanics analysis was also carried out on the sub-model, where it was assumed that the 
Baseline MA956 
Oxide MA956 w/ partial coating 
Oxide MA956 w/o coating 
Force 
 [N] 
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alumina scale will remain in elastic owing to the embedded high compressive residual stress. This 
assumption was validated from the finite element analysis. The phenomenon of stress oscillation around 
the crack front from the linear elastic fracture mechanics analysis was significantly reduced as observed 
from the non-linear elastic-plastic fracture mechanics analysis. The estimated J-value of the interface 
crack initiation is 3.9 N-m/m² (0.022 lb-in/in²). 
6.4.2. Finite Element Analysis Results of Oxide MA956 SNTT Thin Film Sample 
The finite element analysis results for the mid-layer of the global model are shown in Figs. 48–55. A 
the hydrostatic pressure contour shows that the stress contours near the crack tip have relative high 
negative hydrostatic pressure, i.e. in tensile stress state, as shown in Fig. 50. The maximum principal 
stress contour indicates that the highest maximum principal stress is at the crack tip.  
The finite element analysis results for the middle section of the sub-model are shown in Figs. 56–62, 
which provide more details of the stress contours near the crack tip. It interested to note the hydrostatic 
stress fields shown in Figs. 58–59, which show that away from the crack tip, most of the thin film is under 
high compressive stress and the substrate is mostly in tensile stress fields. However, near the crack tip, as 
shown in Fig. 59, the alumina scale experiences tensile stress (in terms of negative hydrostatic pressure) 
and the substrate is under compressive stress (in terms of positive hydrostatic pressure). This stress 
oscillation along the interface is an important characteristic of stress fields near the crack tip along the 
interface from a linear elastic analysis. The details of Von Mises stress contours from Fig. 60 also reveal 
the dissimilar stress contours around the interface for alumina scale and substrate, which is an important 
characteristic of a bi-material interface. 
 
 
Fig. 48.  Deformation displacement contours at mid-layer of global model, which shows uniform 
deformation of test samples, except near the U-groove. 
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Fig. 49.  Hydrostatic pressure contours at mid-layer of global model; high tensile stress 
field shows near the bottom corner of the U-groove. 
 
Fig. 50.  Hydrostatic pressure contours near crack tip at mid-layer of global model; 
the crack tip is indicated with an arrow at the highest negative hydrostatic pressure. 
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Fig. 51.  Von Mises stress contours at mid-layer of global model, where the thin film 
presents a higher stress level than the substrate. 
 
Fig. 52.  Von Mises stress contours near the bottom of the U-groove at mid-layer of 
global model, the crack tip is indicated with an arrow. 
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Fig. 53.  Von Mises strain contours near the bottom of the U-groove at mid-layer of global model. 
 
Fig. 54.  Maximum principal stress contours at mid-layer of global model. 
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Fig. 55.  Maximum principal stress contours at bottom corner of mid-layer of global 
model; the highest maximum principal stress is at crack tip identified with an arrow. 
 
Fig. 56.  Deformation displacement of sub-model configuration. 
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Fig. 57.  Deformation displacement at the mid-layer of the sub-model. 
 
Fig. 58.  Hydrostatic pressure stress contour at mid-layer of sub-model. 
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Fig. 59.  Hydrostatic pressure near the crack tip at mid-layer of sub-model; the highest 
negative pressure is indicated with arrow at the crack tip. 
 
Fig. 60.  Von Mises stress contours at the mid-layer of sub-model, which indicates the 
dissimilar stress contours around the crack tip, an important characteristic of a bi-material 
interface. 
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Fig. 61.  Von Mises stress contours near the crack tip at mid-layer of sub-model; the arrow 
indicates the site of highest Von Mises stress, at the crack tip. 
 
Fig. 62.  Maximum principal stress near the crack tip at mid-layer of sub-model; 
the arrow indicates the site of the highest maximum principal stress, at the crack tip. 
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7. DISCUSSION 
A unique approach has been developed for utilizing the SNTT method to estimate interface fracture 
toughness. It gave the estimated interface fracture toughness as 3.7 N-m/m² (0.021 lb-in./in.²) and the 
estimated equivalent Mode I interface fracture toughness as 1.1 MPa m  (0.97 ksi .in ). An oxide SNTT 
specimen (without fatigue precrack) having a spiral U-groove line at 45° pitch subjected to pure torsion is 
used in the current study. Further investigation using a non-precracked SNTT sample with a spiral V-
groove for thin film interface fracture toughness evaluation is needed. This new approach for interface 
toughness research was validated by using MA956 material, but the developed methodology can be 
extended to other coating materials or bi-materials in general. Regarding the analytical evaluation, a more 
detailed parameter study and further refinement of the FEMs are needed. This additional analytical 
investigation would provide more details regarding the sensitivity of the varied parameters—such as the 
void element, the location of the crack tip, and the choices of the sub-model configuration—to the 
accuracy of the evaluated interface fracture toughness. 
The experimental evaluation, postmortem examination, and the analytical evaluation, seem to support 
that the interface is the weakest link for a non-precracked SNTT thin film sample. The extremely high 
compressive residual stress embedded within the thin film will retard the crack initiation but keeps the 
thin film intact. Therefore, for the SNTT thin film sample, the spallation failure of alumina scale involves 
a two-step process. First, the crack initiates at the interface and then propagates along the interface; this 
will release the associated tensile residual stress in the substrate locally just underneath the thin film. 
Second, torque-induced external tensile stress applied to the substrate and the alumina at the interface, 
shown in Fig. 4, has a tendency to cause the delaminated alumina scale to move away from the substrate. 
The section of delaminated alumina scale resembles a non-lateral-support column with a compression 
loading. It will eventually buckle at a threshold crack length along the interface and result in the 
spallation of alumina scale.  
The residual stress of a thin film material is largely a direct result of the CTE mismatch between the 
scale and substrate during the cooling. Thus, from a material history view, the residual stress represents a 
pre-loading boundary condition but also a thin film material property. Therefore, the residual stress plays 
an important role in the interface fracture toughness evaluation. The alumina spallation at the top corner 
of the U-groove of SNTT samples may present a problem; but because of its physical location, far away 
from the bottom corner of  the U-groove where the interface fracture toughness is evaluated, the 
associated impact of alumina spallation at the top corner on toughness evaluation can be considered as 
secondary. Furthermore, it is expected that slightly different compressive residual stresses of alumina 
scale will be experienced (or measured) at the side groove if different shapes of side grooves, such as U- 
or V-shapes are used. However, the associated stress-strain states of the substrate at the side groove, both 
before or during the torque loading, will also be different because of different geometry constraints if 
different side grooves are used. The combined effect of the compressive residual stress and the loading 
stress states of the substrate may offset each other for different groove geometries and result in less 
dependence on side groove geometry for a valid interface fracture toughness evaluation. However, this 
sensitivity issue regarding the side groove geometry impact on the interface fracture toughness evaluation 
will need to be validated from future study. 
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8. CONCLUSIONS  
Given the increasing reliance on the properties of thin films to provide critical functions in 
applications ranging from microelectronics to large propulsion and power generation equipment, and the 
need for procedures to ensure that such films are correctly applied, the ability to make accurate 
measurements of the interface strength would be a great benefit in quality control and fitness-for-service 
procedures.  In addition, in applications that are critically dependent on the correct functioning of thin 
films and coatings, the ability to accurately measure the strength of the critical interfaces as a function of 
exposure to the service environment provides a basis for developing reliable lifetime models. The models 
can be used in conjunction with condition monitoring approaches to improve the security of operation of 
the component by scheduling appropriate maintenance and avoiding unexpected failure.  
This project offers an innovative testing procedure for the determination of interface fracture 
toughness that is applicable to thin coating materials in general. The effort included development of 
instrumentation, testing procedures, and analytical and finite element procedures for calculating interface 
fracture toughness. This new torsion bar testing procedure has been successfully developed and extended 
to bi-material interface fracture research. The feasibility study indicated that this approach for studying 
thin film interface fracture is repeatable and reliable with much less uncertainty than other approaches. 
The demonstrated test method closely adheres to and is consistent with classical fracture mechanics 
theory. The interface fracture toughness from finite element analysis is estimated as 3.7 N-m/m² (0.021 
lb-in./in.²) and the estimated equivalent Mode I interface fracture toughness as 1.1 MPa m  (0.97 
ksi .in ). 
The unique features of the testing method demonstrated are these:   
− The stress and strain fields produced by pure torsion of a circular bar are a function of the bar radius only, 
and they are the same everywhere along the notch line. The length of the spiral crack is equivalent to the 
thickness of a compact tension specimen. The size effect that normally is a serious concern in compact-
type specimens and others is virtually eliminated in an SNTT specimen. Therefore, miniature specimens 
can be used effectively in the SNTT method. 
− Fracture failure in combined mixed-mode (modes I and III) pertinent to pressure vessel piping systems 
can be tailored for simulation studies by varying the pitch angle of the starting notch line or, alternatively, 
having the standard specimen subjected to various combinations of loads in tension and torsion. 
− Because of the controllable crack growth behavior and miniaturization characteristics of the SNTT 
technique, there is potential for its use to determine the fracture toughness values for interfaces in 
inhomogeneous materials and the mechanical properties of heat-affected zones. 
The SNTT technique offers new opportunities to promote the development of new thin film and 
coating materials, provides a reliable method for use in assessing material performance, and provides 
industry with a means to establish and standardize quality control. Therefore, this new approach, with a 
main focus on measurement, is expected to have wide-ranging impact on important industrial sectors and 
their supply chains, including power generation, construction, aerospace, automotive, and electronics.   
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